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separately synchronous machines definition’s thealeand
practical aspects are formulated.

Notion “Parameters of synchronous machines” gelyeral It is necessary to allocate especially works A.riglela in
means inductive reactance of these machines (m®oine which the two-reaction theory [1] has been formedatnd
cases of inductance) in different operating condgi In turn theoretically proved. This theory is considered ook
these modes can be divided into three groups - stnun fundamental principles of synchronous machines eéwesur
stationary, transient (or non-stationary) and asgnicel days. A. Blondel was the first who used transforamat
condition. variables (a current, a voltage ect.) when fronratiaristics

In this work the basic statements and the methgitdd of a motionless stator winding pass to charactesisthich
aspects connected with inductive resistance of legmous are fix to rotating axes anddg.
motor as input and use of this physical quantite ar Electric machines parameters and processes aradiage
considered. Different approaches and methods dfitleh of on character of an electromagnetic field, i.e. ighaind time

|. INTRODUCTION

these resistances are described and analyzed. distribution of a field.
Electric machines electromagnetic field in any afieg
Il. PARAMETERS OF SYNCHRONOUS MACHINES condition can be described by Mahwel's equationg, Ehe

exact solution of these the equation is conneatedetious

Armature reaction’s direct-axis reactanceX,g and difficulties. It is explained, that the magneticssm will
quadrature-axis reactanceX.f), and direct-axis field's consist of elements at which magnetic propertidse (t
synchronous reactanceXs{ and quadrature-axis field’scomment ferromagnetic medium and air) very stromiffer.
synchronous reactanceX)f are widely applied to the Besides the geometrical form of magnetic systenaisous
description of symmetric static mode of the syndokes elements is rather complex, that results in serious
motor. Active resistance of motors with power 50.kW can complexities at the account boundary conditiontHa end
be ignored, as it is relatively small and practicaloes not circumstance, that characteristics of ferromagnetiterials
influence on energy transformation process, buty omh used in electric machines are non-linear, reswitshat the
technical and economic index of the motor (for eglan solved differential equations of an electromagnétd are
electric losses and efficiency). Besides calcufatid active non-linear, i.e., the equations with various caiéiits and
resistance is very easy and creates neither thearateither because of this they aren’t applicable in classioalytical
practical problems. methods.

Wide application of electric machines in power and Considering these and other reasons, the solutioano
manufacture began at the end of 19th beginning Gih 2 electromagnetic field’s equations is not possiblégheut
centuries. The large amount of works, which havenbesimplifications and assumptions directed by a grobl
devoted for calculation and designing of synchraenou In second half of last century a method of mathéaht
machines as well as their parameters, has appeBreth modelling developed more and more, received theearsing
these works it is difficult to allocate such in whiit is distribution application of for studying electric achines.
conclusive definition of parameters was considered. Numerical methods and accessible computer techsigaee

It is necessary to allocate E. Arnold, K. Steinme& more widely entered for their realization.

Helmund, V. Rogovsky and works of other authorsolhi |n the theory of alternating current electric maelsi
have brought in the conclusive contribution to depeent of winding's EMF E is induced by alternating current’s
the theory of machines of an alternating curreefinition of magnetic field is determined by inductive reactao€ethis
parameters and their use at designing. winding [2-4]

Despite of an opportunity to describe and analyaeks of
later period more detailed, we shall note only & fieom _E
them in which questions of principle are considest X T

)



The biggest part of magnetic field’s lines createain
magnetic flux which is, while crossing an air gapmpleting amf - ot 5 W12|(m2/l
through the stator's and rotor's magnetic cores , and m =
simultaneously, is linked to stator's and rotor'melings. A
small part of a magnetic flux - a leakage flux mgaeting
around stator winding’s in slot®( ;) and a zone of frontal
connection @, ). The upper harmonics of a stator’s windin
make a magnetic flux which is completing througha@mgap
and are poorly linked to a rotor's windings. Thédce the
upper harmonic’s flux rank can be included to legkdlux
and is called differential leakage flux.

AC machine winding’s magnetizing force (MF) creates
periodically varying magnetic field. Such form of feeld
which makes stator winding's current is schemaditicsthown
on Fig.1.
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The main inductive reactance depends on the faligwi

ctors:

winding’s parameters (phaseswumber m, winding
coefficientk,,, phase coils numbev;, numberp);

the magnetic system’s geometrical sizes (pole pitch
design length, air gapd, air-gap factok,);

magnetic circuit's ferromagnetic elements saturefiz@tor

”

Inductive reactanceX, is practically constant, because
leakage flux is completing through the air gap. Aord the
contrary, the main inductive reactance depends magnetic
circuit's saturation which, generally defines wodt all
magnetic field sources (a excitation current, a sume
current).

Accordingly, main factors which define synchronous
machines inductive reactance are elements of miagnet
system, the geometrical sizes and a magnetic tscui
saturation. In “the classical theory” developmentda
improvement process for electric machines plenty
approximation methods were developed. These methods
which took into the account those factors, are thase not
(Dar always physically enough proved, assumption and
simplification were offered. Besides, these assionptand
simplifications cannot recommend the uniform appho&o
calculation of synchronous machines parameterssogsfy
because of magnetic asymmetry of a synchronous inech
salient-pole rotor. Analyzing methods to take iat@ount the
saturation which were written by various authosspossible
to conclude, that in a basis of these methods khasnilar
Fig. 1. Magnetic field of AC motor's stator winding) main magnetic flu ~ approaches. These approaches are characterizeabthby
and slot’s leakage flusb,,; b) frontal connection parts leakage fit, c) use: a) vector diagrams, b) a two-reaction methpdarious
slot's leakage fluxb. magnetization’s  curves, for example ® = f(F;),

Work of an alternating current machines is deteediby a ®,q = f(Faq), ®Paq = f(Fy), including some transitive
fundamental harmonic’s magnetic inductiBp and induced cyrves for separate parts of a magnetic circuit; ad)
by this harmonic EMFE;, which (see (1)) is possible tosuperposition principle with specifications in whitake into

describe by inductive reactance account the influence of a quadrature-axis andctiagis
armature field's parameters: first of all, on sation’s factors

E .

X, =L, @ of kg andk,q

L . . . I1l. DEFINITION OF SYNCHRONOUS MACHINES PARAMETERS
which is called basic inductive resistance.

Leakage fields are possible to describe by indadttakage It is necessary to mention [2, 3, 5, 6] in whichtinoels of
reactance calculation of various parameters are describede Hest of

all, we shall consider the basic theoretical states which
Xo = Xgp + X g + X it » (3) are full in details and methodologically the mosbyed (in
relation with the account of saturation’s influenoere taken
a part and summarized by A. Voldek in his workd.[2vVe
shall simultaneously specify some features and ctngsed
l9orrections at parameter’s definition of which weseitated

where resistanc¥ ,;, X ., X ,gf - in order a slot,
frontal connection and differential leakage reacgan

The stator winding’s main inductive reactance can
calculate by equation [2]:



by other authors, for example, A. Vazhnov [5], Aahov-
Smolensky [6].

Taking into account magnetic asymmetry of saliesliep
synchronous machines, the main inductive reactance
according to the two-reaction theory is a varialeantity
which depends on position of a rotor concerningagis of a
stator's magnetic field. These reactanckg and Xy
according to expression (4)
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wherek 4 andk, - in order, quadrature-axis and direct-axis
armature reaction factors of magnetic flux's satarg kyy
and ky, - quadrature-axis and direct-axis armature reactio
factors of the field’s form.

In a case of non-saturated magnetic system, when
kﬂd :kﬂq =1 and, having designated reactan¥gs, un Xy,

», according to (5) and (6)

Xag = Zadw , @) Fig. 2. Voltage phasor diagram of saturated syrmuus motor
k
d
Xaq On given valuedJ, | cosg andX, find Es and after that
Xag =k—°°, (8) quantity
1
. . L Xag. | E, E
Precisely to take into account saturation’s infleeeron X | = o -84

parametersX,y and X, of the salient-pole synchronous kg Kgcosy cosgy
machine impossible, because of the quadraturesarigture
reaction of magnetic flu, influences a direct-axis armature ) ) ) . o
reactiondg. On this reactancdé,y depends not only obg, but which lay of on continuation of a vectgiX, | , obtaining
also on®d,. The same is distributed &q,. Saturation factors
ko @ndkyg in expressions (5) - (6) are different, as well
variables and mutual dependent. Taking into accdbat
there are no comprehensively checked up recommendat ) o )
for the account of these factors in calculationsing the K =12--16. In the first approximation this value can be
simplified and approximate methods. accepted in the specified range, to for examje =14.
For a basi; for this method application itis poiesto use Now in connection with the formula (6) it is podsibto
the vector diagram shown on Fig. 2. (see, for exar{d), consider reactancg, a determined quantity and, using vector

which is constructed as follows diagram shown on the Fig.2. we can figrd 14, 14, Ey.

The value anw/coap is possible to find from the

straightened non-load characteristic in non-sagdgratgime
(3. Fig.), if a stator’s currerit (or the armature’™MF F,) are
led to a excitation’s winding [2] where the resdltealue are
designated by a symbd).(

The magnetic flux in the armature’s core and core’s
saturation depends dfy, and the main flux in an armature
and armature’s saturation - &g. Hence, under-load regime
saturation in stator’s teeth and a pole piece dépen a flux
of quadrature-axis reactio®; and it is possible to accept

a%direction of a vectoE .
As show researches, a fldy together with a fluxd, create
significant saturation of stator’s teeth and a ppigeh so



approximately, that all saturation of a magneticcut is The methods which are described, as example, [Eput
mainly described s paying attention not quite correct theory, in maages gives
satisfactory results.

D" This method is based on two assumptions: 1) thermai
/ harmonic of a direct-axis field practically deperaidy on a
resultant MF of armatur&y 2) the main harmonic of a
guadrature-axis field is possible to consideringpsately, but
it depends on both,, andF (the similar approach is shown
in [6]).

In this case a field of direct-axis reaction indili€&EMFE,q
in the saturated regime is possible for calculagsgwell as
non-saturated regime, i.e. &, = 14Xy, only findingXy it

is necessary to take into account, that the sizethaf
reactance depends on the main harmonic of a qumerakis
field.

Hence, constructing of vector diagrams salient pole
synchronous machines will not change, if reactance
Xaw = Xag, ¥ Xo replace  with  Xg =Xy q+X,.

Researches [5] show, that influence of saturationeactance
= X is defined with a point on the characteristic an#oad
which the resultant MF is equél = F, + F,, . Only the same

point and consequently, and reactantg is possible to
D! i (F) determine only whenFy; and F,, are known,which are

r L) : : - :

> possible to find only by means of the vector diagr&Vvhile
carrying out practical calculations, are necesdarybuild
these diagrams using iterative procedures. As skaooh
> calculations, for synchronous machines with the -loawl
characteristic nearest to the normal non-load chanatic,
two iterations are sufficient, besides in the firgration
reactanceX,, ~can be accepted. In the second iteration value

A

U

E..=X..1L

d

Erin’vs
Es.

Fig. 3. Salient pole synchronous generator’'s EMF detertioingwith
saturation taken into account : — ; ; ;
) Xaq find as X, =k, X4 Wherek, is found, using a point of

If on the vector diagram shown on 3. Fig. to lay aof the non-load characteristi&€ = f (F) which corresponds to
segmentCC' = E,4 and to construct the straightened non-lodtie certain value of a voltage, to for examplegdatoltage

characteristic for the saturated regim@C'D’, we shall E=Uy.

receive, that k4 =CC"/CC'. Then reactance It is necessary to note, that the mentioned methuds

_ taking into account the saturation are not precesedl to use

Xag = Xadw /K from the formula (7) (or from non-load Olihem . . .
proving theoretical researches are necessarylich

fault experiment) is possible to consider as detegthvalue. 5re pased on numerical methods of mathematical iiivagle

If on the vector diagram shown on Fig. 2. to layacfegment g method, in comparison with mentioned is work

Xalg, it is possible to finde and fromDD’ = E (see Fig. 3.) - gemanding chart analyzing methods, without diffies,

size F; = 0D for an examined condition. allows to take into account precisely not only @metrical

After this vector diagrams construction the firgonfiguration of magnetic system, but also nondne

approximation when angle and armature currentcharacteristics of magnetic materials. o
componentdy andl, is possible to specifly,q andk,, and  The two-reaction theory is based on a principle of
quantitiesXag andX,q, Using some methods, for example, [guperposmon. Use of this theory for the saturateathines is

6]. not correct and at the same time does not giveethos
It is necessary to note, that on the vector diagshown in advantages for which it has been developed. Indecti

figure 2 having multiplied vectors reactance of direct-axis and quadrature-axis readti this

. . case lose the evident physical meaning and assiahaady

E=Ea+Ead = Ea+ Xy la andk,q we shall receive suchpeen noted, it by complex means are connected among
vectors which are reduced to the non-load chaiatitelof themselves as well as essentially depends on aratope

- . . . . mode.
not saturated machinEew = Egie+ Eade = Edlo+ Xag,, 1 d -



As is known, the operating mode of the synchronousFrom numerical methods of magnetic fields calcaolathe
machine can be described in four parameters: atarenamost effective and widespread is a finite elemenethod
voltageU, a armature currerf a phase angle between thesg-EM). According to this method the main set quar8] is
values¢ and a excitation current. Analyzing and studying the machine’s geometrical sizes and its separamesits,
characteristics of synchronous machines it is usefuuse excitation winding’s and all armature slot’s cuttrefensity
these four values, further on not connecting theith ¥wo- that unequivocally defines an angje between quadrature-
reactionparametersX,y andX,. The mentioned values areaxis q and the anchor’s MF main harmonic’s maximum. It is
easily measured and experimentally checked. Takmg possible to set medium characteristics, a material
account these reasons it is possible to use, fample, the magnetisation diagrams of &= f (H) kind.
vector diagram shown on Fig. 4. (see [9]) on whichysage of FEM represents many opportunities of a
synchronous machine magnetic field's and from peteent
characteristics determination. With FEM it is pbsi to
excitation windings, an armature winding and thsulnt receive vector magnetic potential as function oftisp
coordinatesx, y; for the different (discrete) moments of time

A (X, Y, t)and after that, using the basic
are shown. electromagnetic field’s equations [10], to definenagnetic

Suppose, that, analyzing of the synchronous eminfux flux linkage, EMF, inductance, inductive réacce X,

working modes, it is necessary to determine thet&i@n magnetic field’s energyV, electromagnetic momem, and
current |, which, with the given voltage U, load current }iner quantities.

provides set anglep, i.e., to find functional connection However it is necessary, to mark, that solving the
Iy =fU,1.9). electromagnetic field’s equalizations in a diffeiahform,
connection 1 = f(U,l,¢) it can’t be obtained in a direct
- way, but only with the help of iterative procedurasd/or
U=L; , using the mathematical methods with the synthedis o
4 empirical equations for treatment of the data.
/ To determine of the mentioned functional connecitois

possible to use such algorithm:
/ For set value of a loading current it is set thdééerent

/ values of an excitation currenttis; =1¢nins 3 =1 max:

simultaneously with sizes time-dependedt 1, Es, ¢,

MF of the main harmonic space vectofs, F¢ and Fs

N
s
)

Vi lio = tmin*imax)/2 and three different values of an

/ . angle & €t1= €t min s €3 = €t max»

g - Eio = (Efmin T E€imax)/2, and 3x3=9 for a combination of

. these values make mathematical modelling of a ntagne
field by a finite elements method. From resultsvaidelling
~ -F, (A =f(x,y.t)), in addition to usage of phasor diagram
* . d (see Fig. 4), it is possible to find functional oestions
Ui =h(yg.6) and @, =f(45¢&) (=123 and
k =123). These dependences, set in the tabular form, is

possible to approximate by analytical expressions -

. . polynomial of the second degree
This vector diagram corresponds to the synchronous

machine’s main equations, which flows from the etiteand

Fig. 4. Phasor diagram ofsynchronous motor (engiade)

U=a +a,l; +age+a,l;c+agl? +

circuit's theory, when in these equations use Graged" 9)
quantities (voltage, current, MF, magnetic flux, EMct.). +age’ taylZe+agl (€2 +agl 262
Let's examine more detailed the main statement fwhic b +bl. +be+b . e+bl?+
allow to find above mentioned synchronous machine's #=b +b,l ¢ +hee +yl £+l 7
L : L : (10)
characteristics, using results of magnetic fieldathematical +be€2 +byl $g+b8| fgz +hy 552

modelling, by means of numerical methods. Thesehoust
are realised by means of accessible, effective, emmod
computer programs which, besides, using additional
programs-postprocessors allow to adapt the receaadts to hecessary to solve two 9 equation system, if iragqos (9)
familiar methods of synchronous machine charadie’ss and (10) valued); & .l un & are inserted.

definition.

IWhere to determine coefficients, a,,...,a9, by,b,,....by is



Thus analytical expressions, which describe twaftional 8.
connectionsU = f,(1;,€) and ¢ = f,(l;,£), which for set

modes parameters allow to determine valyesde for this
mode, are obtained. To obtain coefficieatandb in matrix
form from polynomials (9) and (10) is possible sgu

ZA=U,
ZB=¢,

where Z - system’'s quadratic matrix, A and B -
coefficientsa andb colon matrix that are to be obtained, U
andg — matrix of free terms.

Thus analytical expressions (9) and (10), whichmfawo
non-linear equations system, are obtained

U=1f(l.e)),
¢="f(.8),

solving which, for set mode’s parameters ($et const,
U =const, ¢ =const values) determine conformable values

I ande.
IV. CONCLUSIONS

1. The classical synchronous machines theory ischar a
superposition principle and in which it is enteditect-axis
and quadrature-axis reaction’s inductive reactantgsand
Xaq, IS not correct for the saturated machines and
give those advantages, because of what it was ajeee!

2. ReactanceXy and Xy essentially depend on magnetic
system'’s saturation.

3. It is not possible precisely to consider satarés
influence of on parameteds,y and Xy, as X, depends not
only on direct-axis resultant flux, but also on dusure-axis
flux.

4. Analyzing synchronous machine’s characteristicsi
diagrams is useful not to connect them with the-teaction
theory parameterX,q and X, but consistently to use the
electromagnetic field theory which is realised by a
mathematical modelling method.
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Mesiajevs A., Zviedris A. Sinhrono maski parametru
noteikSanas metodes un to arel
KOPSAVILKUMS

Darta analiztas sinhrono masu parametru — garenreakcijas
Xa un ersreakcijasX,q apekinasanas metodes &wjot
magretiskas siemas un to elementu piajumu. Paadits,
ka § pretestou noteikSanai, izmantojot klasisko sinhrono
masnu teoriju, kuras pamatir divu reakciju metore, nav
korekta un saifta ar darbietilgiem grafoanaliskiem
aprekiniem.

Piedivata jauna pieeja sinhrono mad8 darba reinu
kvalitaivai unkvantiteivai anaizei, kas balsta uz
konsekventu elektormagtiska lauka teorijas izmantoSanu,
nesastot to ar divu reakcija parametriéfy un X, Sada
pieejarealizta ar magétiska lauka medeleSanas skakajpgm
metod&m, izmantojot misdienu datoshnikas iespjas.

Mesnyayev A., Zviedris A. Determination and anadyai
synchronous motor's parameters.
SUMMARY

In this work the parameters of synchronous machees
analyzed- direct-axis reactiony and quadrature-axis
reaction X, Methods of calculation in view of magnetic
system’s and its element’s saturation are presented

It is shown that definition of these reactancesaias a basis
a two-reaction method, is not correct and conneotét
work demanding chart analyzing calculations.

The new approach to the qualitative and quantiaginalysis
of synchronous machine’s operating modes whictage on
consecutive use of the magnetic field's theory ffered,
without it with two-reaction parameters,y and X, This
approach is realized by means of a magnetic fietidelling
using numerical methods with help of modern comgute

Mecusies A., 3Bueapuc A. MeTtoasl onpeneneHus
NapaMeTPOB CUHXPOHHBIX MAIllUH U UX aHAJIN3.
PE3IOME

B oroit pabore aHanM3MpOBaHBI MapaMeTPbl CHHXPOHHBIX
MalllMH - IPOAOIBHON peakuuu Xy U MONEPEYHON peaKIuu
Xag- IIpencraBiensl MeTOAbl pacy€ra ¢ y4E€TOM HACBILEHUS
MarHUTHOU CHCTEMBI U €€ 3JIEMEHTOB.

[lokasano, 4ro onpeneneHue H3TUX  CONPOTUBIICHUH,
UCTIONB3Ys KaK OCHOBY METOJI JIByX PEaKIMii, He KOPPEKTHA U
CBsI3aHa ¢ pabOTOEMKIMH rpad)0aHaTNTHIECKHIMH PACUETaMH.
IIpennoxeH  HOBBIE MOIXOX K  KAaueCTBEHHOMY U
KOJIMYECTBEHHOMY aHAJN3y DPEKHMOB pabOTHl CHHXPOHHBIX
MallMH, KOTOpas OCHOBaHAa Ha  IIOCJEOBATEILHOM
UCTIONIb30BaHMH TEOPUU MAarHUTHOTO IIOJIA, HE CBS3BIBAs €0 C
napaMeTpaMH JIByX peakmuid Xpg U Xzq. OTOT Ioaxoxn
peanuzoBaH c TIOMOIIBIO YHUCIICHHBIX METOJI0B
MOJICIMPOBAaHUS MAarHUTHOTO TIOJI C  MCIHOJB30BaHUEM
COBPEMEHHBIX BO3MOXHOCTEI KOMIBIOTEPHOI TEXHUKH.



